One sentence summary: The diversity of soil bacterial communities in bamboo plantations along a gradient from 600 to 1800 m showed a hump-backed trend with elevation. Editor: Angela Sessitsch
INTRODUCTION
Research on elevational gradients in communities has long been a fascinating topic of biodiversity. Most studies on patterns along elevational gradients have focused on macroorganisms, such as plants, vertebrates and insects (Herzog, Kessler and Bach 2005; Rahbek 2005; Kreft and Jetz 2007; McCain 2009 ). However, some recent studies have suggested that, while the distribution of microorganisms varies with elevation, it might not follow the ecological rules applied to macroorganisms. For instance, while the amount of Gram-negative bacteria increased with increasing elevation in the Austrian central Alps (Margesin et al. 2009 ), the numbers of total bacteria, methanotrophic bacteria and ammonia-oxidizing archaea possessed negative correlations with increasing elevation (Ma et al. 2004; Giri et al. 2007; Zhang et al. 2009 ). Another study in the mountains of the southwestern USA indicated that bacterial diversity also decreased towards higher elevations (Bryant et al. 2008) . On the other hand, the communities in eastern Peru exhibited no significant elevational gradient in diversity . In South Korea, 3.7 ± 0.1 64.9 ± 3.6 6.1 ± 0.4 10.6 ± 0.1 2200 ± 273 359 ± 80 loam 1400 4.1 ± 0.2 63.8 ± 6.0 5.2 ± 0.6 12.2 ± 1.0 1928 ± 580 284 ± 56 loam 1800
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the richness/diversity of bacterial communities showed a hollow pattern across an elevational gradient, i.e. higher diversity was observed at high and low elevations and the minimum richness was observed at middle elevations (Singh et al. 2014) . The reasons for these different patterns are largely unknown, indicating that our understanding of major determinants of the distribution of bacteria is still limited. Considering the essential roles of microorganisms in many biogeochemical cycles in ecosystems, more studies on the distribution patterns of microbes among different ecosystems are needed. In East Asia, bamboo is one of the most important forest resources because of its utility. It can be used as construction or furniture material; young bamboo shoots are also in high demand as a healthy food. Regular removal of understory vegetation, tillage and fertilizer application are often performed to maintain and increase bamboo production. These practices may increase soil CO 2 efflux (Liu et al. 2011) and increase the watersoluble organic N concentration in soils (Wu et al. 2010) . Besides the influences to the soil properties, these management practices could also reduce microbial functional diversity (Xu, Jiang and Xu 2008) .
In the present study, soil samples were collected from moso bamboo plantations along six elevations from 600 to 1800 m a.s.l. in central Taiwan. This transect provides an opportunity to study an elevation gradient within the same vegetation and soil type. Previously, the high-elevation bamboo plantations (1200 and 1400 m) were found to be significantly different from the low elevation plantations (600, 800 and 1000 m), with higher soil C and N contents, higher concentrations of soil soluble organic C and N, and a greater amount of soil microbial biomass C and N (Huang et al. 2014) . However, how the bacterial community changes with elevation is still unknown. Thus, the structure and diversity of the indigenous soil bacterial communities were phylogenetically characterized by using barcoded pyrosequencing analysis across the elevation gradient. The goals were to elucidate (1) the response of the bamboo soil bacterial community structure and diversity to elevation, and (2) the relationship between soil chemical and physical properties and bacterial structure and diversity.
MATERIALS AND METHODS

Site description and soil sampling
This study was conducted in Mt. Da-an, a subtropical montane area in Nantou County, central Taiwan (23 • 42 N, 120
• 41 E).
Along a county road, samples were collected from moso bamboo (Phyllostachys edulis) plantation soils with an increasing altitudinal gradient, 600, 800, 1000, 1200, 1400 and 1800 m, a.s.l. The six sampling gradients were all dominated by moso bamboo with few understory plants. These bamboo plantations were established around the 1960s. Both the culm density and culm age of the selected moso bamboo plantations were similar between elevations. However, aboveground bamboo biomass increased with elevation (Chen et al. unpublished data) . The soils were well drained and characterized as Entisols. The parent material was sandstone and shales. The soil pH values were from 3.9 to 4.4. Other properties of soils are reported in Table 1 . At each elevation, three 25 m × 25 m plots were established along transect lines in January 2012. The soil samples were collected in winter to avoid differences caused by seasonal changes. Within each plot, three subsamples were collected with a soil auger 8 cm in diameter and 10 cm deep and were combined. Visible detritus, such as roots and litter, were manually removed prior to passing soil through a 2-mm sieve. Soils were then stored at -20
• C, and extraction of soil community DNA was performed within 2 weeks.
Barcoded pyrosequencing of the 16S rRNA genes
The V1-V2 regions of the bacterial 16S rRNA gene were amplified using 27F and 338R primers (Lane 1991) . Polymerase chain reactions (PCR) were performed as follows: 94 • C for 3 min followed by 20 cycles of 94
• C for 45 s; 50
• C for 30 s and 72
• C for 90 s; and a final elongation at 72
• C for 10 min. Secondary PCR (3 cycles rather than 20) was carried out using primers with different barcode sequences as: adaptor A-linker-27F and adaptor B-linker-8-bp barcode-338R. The barcode for each sample was unique and error-correcting to facilitate sorting of sequences from a single pyrosequencing run (Hamady et al. 2008) . The barcoded PCR products were then purified using the PCR cleanup system (Viogene Biotek Corp., New Taipei City, Taiwan). The qualities and concentrations of the purified barcoded PCR products were determined using a NanoDrop Spectrophotometer (Thermo Scientific). Amplicon pyrosequencing was performed by Mission Biotech (Taipei, Taiwan) using the 454/Roche GS-FLX Titanium Instrument (Roche, NJ, USA). All sequences have been submitted to the Short Read Archives with the accession number of SRS660037.
Pyrosequencing data analysis
The pyrosequences were processed through the RDP pyrosequencing pipeline (http://pyro.cme.msu.edu; RDP Release 11.3; release date: 2014.09.17). The sequences were assigned to the samples by recognition of the barcode, and those shorter than 200 bp or low quality were deleted. Taxonomic information was also analyzed using the naïve Bayesian rRNA classifier (Wang et al. 2007 ) of the RDP. Rarefaction curves were calculated by using the programs Aligner, complete linkage clustering and rarefaction of the RDP pyrosequencing pipeline. Diversity indices, including Shannon diversity index for α-and γ -diversity and Chao1 estimator, were calculated based on the complete linkage clustering data for operational taxonomic units (OTUs) with an evolutionary distance of 0.03. Abundance-based Jaccard similarities among communities (β-diversity) were performed with the Mothur program (Schloss et al. 2009 ) at an evolutionary distance of 0.03. To avoid measurement differences from sample size, the number of sequences was standardized across samples. The smallest number of pyrosequences in a sample was 2530, and this number of sequences was randomly selected from the remaining samples to perform community comparisons. The distribution of shared OTUs among the six communities was obtained using the Mothur program. The PRIMER V6 software (Clarke and Gorley 2006) was used for non-metric multidimensional scaling (NMDS) generated with Bray-Curtis similarity of pyrosequencing phylotype data. Relationships between phylogenetic distances of bacterial communities, diversity and soil properties were also assessed by Mantel tests as implemented in PRIMER v6.
RESULTS
Community composition of bamboo soils across elevational gradients
In all samples across six elevational gradients, we obtained 2530-6120 sequences per sample and 70 509 sequences in total. These sequences were classified into 13 phylogenetic groups. The phyla Acidobacteria (33-41%) and Proteobacteria (25-44%) predominated among all communities (Fig. S1 , Supporting Information). Within the Proteobacteria, Alphaproteobacteria was the most abundant class, and its orders Rhizobiales and Rhodospirillales dominated all communities. The Alphaproteobacteria were more abundant at the higher elevations, especially at 1800 m, and less abundant at 600 and 800 m. In contrast, the relative abundances of Acidobacteria at the lower elevations (600 and 800 m) was about 40% of all sequences and higher than that in the higher elevations (1400 and 1800 m). The proportions of Bacteroidetes (13%) and Chloroflexi (8%) in the communities at 1400 and 1200 m, respectively, were higher than that in the communities at other elevations. Other phyla, such as Actinobacteria, Armatimonadetes, Firmicutes and Planctomycetes, were much less abundant (< 4%) (Fig. S1 , Supporting Information).
Diversity of the bamboo soil bacterial community
Using the pyrosequencing method, about 1600-2500 OTUs from the bamboo soil bacterial communities were identified at each elevation along the gradient. The rarefaction curve analysis indicated that bamboo soils from the middle elevations were more species rich than the soils from the lowest and highest elevations (Fig. S2, Supporting Information) . The Shannon diversity index also showed that the community with maximum diversity was observed at 1000 m, while the communities at 600 and 1800 m were less diverse (Fig. 1) . These results revealed that the diversity of the soil bacterial communities possessed a hump-backed trend with elevation. Total species diversity (γ -diversity) of the bamboo soil community was 7.22.
Bacterial community comparisons
Among six communities, Jaccard similarity was performed to compare the β-diversity of the bacterial communities. The results showed that the communities in the low and high elevation soils were different (data not shown). The NMDS anal- ysis of the 420 most abundant OTUs, representing about 70% of the sequences, also revealed that the community composition was variable across the bamboo soil bacterial communities at different elevations. The communities at 1000 and 1200 m formed a cluster different from those in the other elevations (Fig. 2) . This analysis was supported by the distribution of the 10 most abundant OTUs. The 10 most abundant OTUs comprised about 17% of all sequences and were classified within the Acidobacteria and Alphaproteobacteria and Gammaproteobacteria (Table 2) . Among these OTUs, OTU 18 was less abundant in the 1400 and 1800 m communities. In contrast, OTUs 42, 267 and 63 were more abundant in the communities at higher elevations. In contrast, OTU 23 was less abundant in the communities at 1000 and 1200 m. The numbers of sequences of some acidobacterial OTUs, such as OTU 36, were much less abundant at 1400 and/or 1800 m.
The change in OTU distribution was significantly correlated (P < 0.05) with environmental parameters, including elevation, organic C, total N, C/N ratio, microbial biomass C and microbial biomass N by the Mantel test (Table 3 ). The bacterial diversity was also significantly related to elevation, organic C, microbial biomass C and microbial biomass N (Table 3 ). In addition, all these soil properties were correlated with elevation gradients.
DISCUSSION
In the present study, the soil bacterial diversity of bamboo forest showed a hump-backed pattern with elevation, unlike the monotonic and unimodal patterns observed for macroorganisms (Rahbek 2005; McCain 2009 ). This result indicates that bacterial diversity of bamboo soil communities does not follow the patterns of plants and animals along elevation gradients and is consistent with the changes in bacterial diversity on Mount Fuji, which also possessed a hump-backed trend with elevation . In contrast, the study by Fierer et al. (2011) revealed no trend with elevation. Compared to the present sampling sites, this study included more geologically and topographically complex mountain ecosystems, making the comparisons of elevation more complex. In a comprehensive analysis of soil bacterial communities across six elevations representing six vegetation types from forest to alpine tundra in Mt. Changbai, China, pH was the best predictor for community composition, and vegetation could have indirectly affected the communities through altering soil C and N status across elevation gradients (Shen et al. 2013) . The study of soil microbial communities across vertical climate zones on the Tibetan Plateau also showed an elevational zonation feature, and distribution patterns of soil microbes were regulated by soil properties, including soil pH, SOC and TN (Wang et al. 2015) . Considering the relationships among soil properties and bacterial communities of bamboo, these results suggested the important roles of the changes of environmental factors along elevational gradients to the bamboo soil bacterial communities. Disturbance can also affect the diversity of bacterial soil communities. In this region, the major production area for timber and bamboo shoots has changed from 600 and 800 m to 1000 and 1200 m in recent years. The land management practices and other human activities could increase the community diversity (Jangid et al. 2011; Lin et al. 2013) . Because of the different owners, the bamboo forests might have been subjected to different management practices, including fertilizer application and stem harvest, and it is difficult to determine the exact influence of human activity. Since the influence of disturbance to the microbial communities could be maintained across time (Keiser et al. 2011) , this factor still needs to be addressed during further studies of these habitats. In addition, the relationships of rarefaction curve among samples differed from those in the β-diversity and NMDS. Rarefaction curve analysis presented the number of OTUs of sequences we sampled. However, the β-diversity and NMDS were calculated from the number and abundance of OTUs. They could reflect the difference of OTUs distribution among these communities.
Besides elevation and disturbance, other soil characteristics, including organic carbon, total nitrogen, C/N ratio, microbial biomass C and microbial biomass N, are correlated with bacterial community structure. Our previous study in some of these moso bamboo plantations showed that soil microbial biomass, soluble organic C and N and total C and N increased with elevation (Huang et al. 2014) . Not only were the bacterial communities at the 1000 and 1200 m elevations the most diverse, their community structures were also very different from those at the other elevations. These results suggest the non-linearity of the microbial community distribution with elevation change may result from multiple factors. At the low elevations (600 and 800 m), the relatively lower soil organic matter content could result in lower bacterial diversity (Tripathi et al. 2012) . At high elevation (1800 m), the physiological stresses or low temperatures could hinder bacterial growth and reduce diversity for that reason (Stres et al. 2008) . Diversity of bacterial community in Mt. Halla, South Korea (Singh et al. 2014) and across a range of ecosystems in Britain (Griffiths et al. 2011 ) also strongly related with temperature, suggesting that temperature may play a role in shaping bacterial diversity along environmental gradients.
The Acidobacteria were the most abundant group. In the pyrosequencing libraries, the total number of acidobacteria as well as some acidobacterial OTUs were less abundant in the bamboo soils at high elevation. In other ecosystems, including agricultural systems, subtropical and tropical forests, acidobacteria were also an abundant group of soil bacteria (Jangid et al. 2011; Araujo et al. 2012; Meng et al. 2013) . Acidobacteria are generally thought of as oligotrophs (Nemergut et al. 2010 ) and versatile heterotrophs, exhibiting slow metabolic rates under lownutrient conditions (Ward et al. 2009 ). Their lower abundance in the carbon-rich soils from higher elevations is consistent with this pattern. Considering that bamboo releases a large number of the allelopathic compounds, the heterotrophic ability of this abundant group is of special interest and should be further explored.
In the six communities at different elevations, Proteobacteria were also abundant, and Alphaproteobacteria was the most abundant class of Proteobacteria. In contrast to the Acidobacteria, the abundance of the Alphaproteobacteria increased with elevation. Many sequences of Alphaproteobacteria are related to the Rhodoplanes and Bradyrhizobium, indicating the potential role for N 2 fixation in the soils (Zhang and Xu 2008; Yarwood, Myrold and Högberg 2009) . Higher soil C/N ratio in higher elevations may indicate lower amounts of available nitrogen and requirement for the N 2 -fixing bacteria in the community. The relatively high abundance of these Alphaproteobacteria-affiliated OTUs in the 1400 and 1800 m also correlated to the high soil C/N ratio, which is an important factor in predicting bacterial community structure (Chu et al. 2010) . In addition, the potential mineralizable nitrogen increased in the high elevations and was associated with increased microbial biomass rather than microbial activities and microbial utilization efficiency (Huang et al. 2014) .
The relative abundance of Bacteroidetes in the community at 1400 m is higher than that at other elevations. Bacteroidetes is known as copiotrophic and tends to be found in nutrient-rich environments (Fierer, Bradford and Jackson 2007) . High amounts of organic carbon and lower decomposition rates at high elevation could provide a favorable condition for the growth of Bacteroidetes. Our previous study also showed higher abundance of Bacteroidetes in the cedar forest than the adjacent bamboo forest soils (Lin et al. 2013) . Though the abundance of Bacteroidetes is not as high as that of the phyla Acidobacteria and Proteobacteria, it could still play an important role in the soil bacterial community.
In conclusion, our study revealed that bacterial diversity of the bamboo soil community had a hump-backed trend with elevation. The community structure was also different across elevational gradients. While it is possible that other environmental factors, such as management practices and soil C/N ratio, may play important roles affecting bacterial structure and diversity, the hump-backed trend is consistent with competing effects of C availability and temperature. At low elevations, the diversity may be limited by the low soil organic matter content. At high elevations, the diversity may be limited by the stress of low temperatures. Further studies should include the functional diversity of the bamboo soil bacterial community to fully elucidate the ecological roles of bamboo soil biota.
